The final motor output underlying behavior arises from an appropriate balance between excitation and inhibition within neural networks. Retrograde signaling by endocannabinoids adapts synaptic strengths and the global activity of neural networks. In the spinal cord, endocannabinoids are mobilized postsynaptically from network neurons and act retrogradely on presynaptic cannabinoid receptors to potentiate the locomotor frequency. However, it is still unclear whether mechanisms exist within the locomotor networks that determine the sign of the modulation by cannabinoid receptors to differentially regulate excitation and inhibition. In this study, using the lamprey spinal cord in vitro, we first report that 2-AG (2-arachidonyl glycerol) is mobilized by network neurons and underlies a form of modulation that is embedded within the locomotor networks. We then show that the polarity of the endocannabinoid modulation is gated by nitric oxide to enable simultaneously potentiation of excitation and depression of inhibition within the spinal locomotor networks. Our results suggest that endocannabinoid and nitric oxide systems interact to mediate inversion of the polarity of synaptic plasticity within the locomotor networks. Thus, endocannabinoid and nitric oxide shift in the excitation-inhibition balance to set the excitability of the spinal locomotor network.
Introduction
Neural networks underlying behavior undergo continuous plasticity that adapts their output contingent on previous activity. In networks with relatively fixed connectivity, modulatory systems produce adaptive changes by adjusting neuronal properties and synaptic strengths (Nusbaum et al., 2001; Abbott and Regehr, 2004; Destexhe and Marder, 2004; Kristan et al., 2005; LeBeau et al., 2005; Toledo-Rodriguez et al., 2005; Harris-Warrick, 2011) . The resulting shift in the net excitability of the network mostly involves activation of distinct transmitter receptors that differentially affect excitatory and inhibitory synaptic transmission (e.g., dopamine) (Albin et al., 1989; Kreitzer and Malenka, 2007; Surmeier et al., 2007) . However, it is still unclear whether mechanisms exist that reverse the polarity of the modulation by a single receptor to differentially regulate excitation and inhibition.
The spinal cord contains networks of neurons [central pattern generator (CPG)] sufficient and necessary to produce coordinated locomotor movements (Grillner, 1975; Kiehn, 2006; Goulding, 2009; Grillner and Jessell, 2009; Fetcho and McLean, 2010; Roberts et al., 2010; Büschges et al., 2011) . The level of excitability of the spinal locomotor networks has to be tightly controlled to allow for movements of variable speed and intensity. This is often achieved by involving modulatory systems (El Manira et al., 2008; Sillar et al., 2008; Harris-Warrick, 2011; Jordan and Slawinska, 2011; Miles and Sillar, 2011) . In the lamprey spinal cord, endocannabinoids are released from CPG neurons and contribute to setting the baseline locomotor frequency (Kettunen et al., 2005; Kyriakatos and El Manira, 2007) . Two main endocannabinoids have been identified, 2-arachidonyl glycerol (2-AG) and anandamide, which are synthesized and degraded by separate pathways (Sugiura et al., 2002; Piomelli, 2003; Di Marzo, 2008) . They are released from postsynaptic neurons and act retrogradely on presynaptic type 1 cannabinoid receptors (CB 1 Rs) to match transmitter release to the level of postsynaptic excitability (Kim et al., 2002; Freund et al., 2003; Chevaleyre et al., 2006; Mackie and Stella, 2006; Katona and Freund, 2008; Kano et al., 2009; .
In many CNS regions, CB 1 Rs activation by 2-AG has been shown to exclusively induce synaptic depression and in no case has synaptic potentiation been directly linked to direct activation of this receptor (Alger, 2002; Freund et al., 2003; Chevaleyre et al., 2006; Katona and Freund, 2008; Lovinger, 2008; Heifets and Castillo, 2009; Kano et al., 2009 ) (but see Cachope et al., 2007) . In this study, we first show that 2-AG is released in the locomotor network. Blocking its synthesis or degradation affected the locomotor rhythm in a manner consistent with a role in potentiating the frequency by shifting the balance between excitation and inhibition. We then show that the inversion of the polarity of the modulation of excitatory and inhibitory synaptic transmission by the endocannabinoid 2-AG is gated by nitric oxide (NO). Scavenging NO or inhibiting its synthesis blocked the potentiation of excitation, but not the depression of inhibition. Our results thus indicate that NO gates the sign of CB 1 Rs modulation of synaptic transmission by 2-AG within the locomotor CPG to potentiate excitation and the locomotor output.
Materials and Methods
All experiments were performed on in vitro preparations of the isolated, intact spinal cord from adult lampreys (Lampetra fluviatilis) of either sex. All protocols were approved by the Animal Research Ethical Committee, Stockholm. Lampreys were anesthetized with MS-222 (100 mg/L; Sigma-Aldrich) and eviscerated, and the lateral muscle walls were removed. The spinal cord and notochord were dissected and pinned in a cooled (8 -12°C) Sylgard-lined experimental chamber continuously perfused with physiological solution. The control solution was composed of the following (in mM): 138 NaCl, 2.1 KCl, 1.8 CaCl 2 , 1.2 MgCl 2 , 4 glucose, and 2 HEPES, bubbled with O 2 and pH adjusted to 7.4. Fictive swimming activity was induced by adding 50 -100 M NMDA to the physiological solution. Alternating locomotor burst activity was recorded by en passant glass suction electrodes placed on two opposing ventral roots at their exits from the spinal cord. After perfusion of NMDA, the locomotor burst frequency increased gradually over time and reached a stable level after 3-4 h. Pharmacological reagents were normally added only after the burst frequency had been stable for at least 1 h. Two minute recordings of ventral root activity were sampled every 5 min. The cycle duration was measured and averaged from 100 to 200 consecutive cycles. The cycle duration was defined as the time interval between the onsets of two consecutive bursts, and the burst frequency was calculated as the inverse of the averaged cycle duration. To examine the changes in midcycle reciprocal inhibition during locomotion, intracellular recordings were made from motoneurons (MNs) and rhythmically active unidentified interneurons with 3 M potassium acetate-filled thin-walled glass microelectrodes with a resistance of 15-30 M⍀. MNs were identified by recording their axonal action potentials in a one-to-one manner from the corresponding ventral root through the extracellular suction electrode. All MNs recorded during fictive locomotion received phasic excitation alternating with phasic inhibition. The concurrent recordings of the locomotor frequency and of the activity of MNs allowed us to correlate changes in the synaptic amplitude with changes in locomotor frequency. Two minute recordings of intracellular and extracellular activity were sampled every 5 min. The spikes were removed using a digital low-pass filter (30 Hz), and the synaptic input was averaged from 100 to 200 cycles; their duration was normalized and aligned according to the membrane potential of the recorded neurons. The peak-to-trough amplitude of the locomotorrelated synaptic input was measured and monitored in control and in the presence of different pharmacological agents.
To examine the changes in ipsilateral excitatory or reciprocal inhibitory synaptic transmission, the recording chamber was divided into two pools by an agar barrier (Dale, 1986) . Locomotor activity was induced in the rostral pool by NMDA while the spinal cord in the caudal pool was perfused with physiological solution containing strychnine to block inhibitory synaptic transmission or kynurenic acid to block ionotropic glutamate receptors. After 30 min in strychnine or kynurenic acid, intracellular recordings were made from MNs two to three segments away from the agar barrier. In the presence of strychnine, excitatory synaptic input occurred in phase with the activity of the ipsilateral ventral root in the rostral pool. Inhibitory synaptic input was recorded in the presence of kynurenic acid and occurred in phase with the contralateral ventral root. Two minute recordings of intracellular and extracellular activities were sampled every 5 min, and the amplitude of the excitatory or inhibitory drive and the frequency of the locomotor bursts were monitored in control and in the presence of different pharmacological agents. In experiments in which the NO scavenger 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (carboxy-PTIO) was tested, it was first applied for 1 h before application of 2-AG either to the entire spinal cord or in the caudal pool in experiments with split-bath configuration. The effects of 2-AG in preparations with preincubation with carboxy-PTIO were compared with those obtained in separate control preparations without carboxy-PTIO preincubation.
Intracellular current-clamp recordings were made in bridge mode with an Axoclamp 2B amplifier (Molecular Devices). pClamp software (Molecular Devices) was used for data acquisition and analysis on a personal computer equipped with an analog/digital interface (Digidata 1300). Recordings were also acquired and stored digitally using pClamp. Data analysis of burst frequency and synaptic transmission was done off-line using the program Spike2 (Cambridge Electronic Design). The values reported correspond to mean Ϯ SEM, and n represents the number of experiments. The statistical significance was assessed with paired or unpaired Student's t tests, and differences were considered significant if p Ͻ 0.05.
The following drugs were used in this study: NMDA (100 M; Tocris), strychnine (5 M; Sigma-Aldrich), kynurenic acid (2 mM; Sigma-Aldrich), 2-AG (1-2 M; Tocris), the NO scavenger carboxy-PTIO (150 M; Tocris), tetrahydrolipstatin (THL) (10 -20 M; Tocris), and 4-[bis(1,3-benzodioxol-5-yl)hydroxymethyl]-1-piperidinecarboxylic acid 4-nitrophenyl ester (JZL184) (1-2 M; Tocris). The concentrations of THL and JZL184 used in this study were determined based on previously published work in mammals. All agonists and antagonists were dissolved as stock solutions in water except for 2-AG and JZL184, which were dissolved in DMSO. The same concentration of the solvent DMSO had no effect on the locomotor frequency and was always added to control solutions throughout the experiments.
Results
Identity of the endocannabinoid in the spinal locomotor circuit Endocannabinoids are released within the spinal locomotor circuit in lamprey and contribute to setting the baseline of locomo- tor frequency (Kettunen et al., 2005; Kyriakatos and El Manira, 2007) . To determine the identity of the endocannabinoid responsible for this embedded modulation, we tested the effects of 2-AG and specific inhibitors of the enzymes involved in its synthesis and degradation. In our experiments, locomotor activity was induced by NMDA (100 M) and was monitored by recording the activity from two opposing ventral roots while membrane potential oscillations were recorded intracellularly from MNs ( Fig.  1 A) . Application of 2-AG (1-2 M) increased the locomotor burst frequency by 17.9 Ϯ 4.1% ( p Ͻ 0.001; n ϭ 6; Fig. 1 A, B) , which was accompanied by a concurrent decrease in the mean amplitude of the membrane potential oscillation to 83.7 Ϯ 4.7% comparing with control ( p Ͻ 0.01; n ϭ 5; Fig. 1C,D) and an increase in the number of action potentials during the on-cycle depolarization from 1.1 Ϯ 0.1 spike per cycle in control to 3.2 Ϯ 0.1 in 2-AG ( p Ͻ 0.001; n ϭ 5; Fig. 1 B) . These results, which are in accord with previous findings (Kettunen et al., 2005; Kyriakatos and El Manira, 2007) , show that exogenous application of 2-AG potentiates burst frequency and decreases the amplitude of the membrane potential oscillation during locomotion.
These results are consistent with the idea that 2-AG is released within the spinal circuit. To test this hypothesis, we interfered with 2-AG biosynthesis and degradation pathways by using specific inhibitors. 2-AG is liberated from diacylglycerol (DAG) by DAG lipase (DGL) and is metabolized principally by monoglyceride lipase (MGL) in the nervous system. If 2-AG is released in the lamprey spinal cord, inhibition of DGL would impact the locomotor activity by decreasing the basal levels of 2-AG. Application of the specific DGL inhibitor THL (10 -20 M) (Bisogno et al., 2003; Hashimotodani et al., 2008) decreased the locomotor burst frequency by 8.1 Ϯ 2.7% ( p Ͻ 0.01; n ϭ 6) and increased the amplitude of the membrane potential oscillation by 13.8 Ϯ 3.8% ( p Ͻ 0.01; n ϭ 5; Fig. 2 A, B) . Conversely, inhibition of 2-AG degradation should increase the basal levels of 2-AG and enhance its modulatory actions. Indeed, inhibition of MGL with the specific blocker JZL184 (1-2 M) (Pan et al., 2009 ) increased the locomotor burst frequency by 17.5 Ϯ 3.5% and decreased the amplitude of the membrane potential oscillation by 17.7 Ϯ 3.6% ( p Ͻ 0.001; n ϭ 6; Fig. 2C,D) .
By interfering with the synthesis and degradation machinery, our results support the conclusion that 2-AG is released within the locomotor circuit. Furthermore, the data suggest that 2-AG is continuously synthesized to help in setting the appropriate balance between inhibition and excitation from network neurons and thus regulates the baseline locomotor burst frequency.
Endocannabinoids change the balance between excitation and inhibition
The change in the synaptic drive received by network neurons during locomotion could be due to a shift in the balance between excitation and inhibition. We therefore tested how 2-AG and its endogenous mobilization affect synaptic transmission between network neurons during locomotion. In these experiments, the recording chamber was divided into two pools by an agar barrier, and locomotor activity was induced in the rostral pool with NMDA (100 M). The caudal pool was perfused with normal saline (without NMDA), and strychnine (5 M) was added to isolate the excitatory component of the rhythmic locomotor synaptic drive arising from interneurons whose axons project ipsilaterally across the agar barrier (Fig. 3A) . In this configuration, the effect of endocannabinoids on the excitatory drive to motoneurons relevant for the generation of locomotor activity can be monitored (Fig. 3B) . Application of 2-AG in the caudal pool increased the amplitude of the excitatory synaptic drive in the recorded motoneurons to 113.9 Ϯ 3.3% of control values ( p Ͻ 0.01; n ϭ 6; Fig. 3C-E) .
The above results show that activation of cannabinoid receptors by exogenous application of 2-AG potentiates excitatory synaptic transmission within the locomotor network. The question that arises is whether there is a tonic modulation of excitatory synaptic transmission by endocannabinoids released within the spinal cord that contributes to the regulation of the burst frequency during locomotion. To answer this question, inhibitors of the enzymes responsible for 2-AG biosynthesis and degradation were used. Inhibition of the DAG lipase with THL (10 -20 M) decreased the amplitude of the locomotor-related excitatory synaptic drive to motoneurons by 16.3 Ϯ 2.2% ( p Ͻ 0.001; n ϭ 7; Fig. 3 F, G) . However, inhibition of the 2-AG degradation enzyme MGL with JZL184 (1-2 M) increased the amplitude of the excitatory drive received by 13.1 Ϯ 3.3% on motoneurons during locomotion ( p Ͻ 0.001; n ϭ 6; Fig. 3 H, I ). In these experiments, 2-AG, THL, and JZL184 had no effect on the locomotor burst frequency induced by NMDA in the rostral pool (Fig. 3 E, G,I ).
The potentiation of the excitatory drive could explain the increase in the firing of MNs and burst frequency during locomotion. However, it does not account for the overall decrease in the membrane potential oscillation amplitude (Fig. 1) , which could involve a concomitant effect on inhibitory synaptic transmission. To test this possibility, experiments using the split-bath configuration with the caudal pool being perfused with normal saline containing kynurenic acid (2 mM) were performed to block excitatory synaptic transmission (Fig. 4 A) . Midcycle inhibitory synaptic transmission originating from active commissural interneurons in the rostral pool was monitored in motoneurons recorded in the caudal pool (Fig. 4 B) . Application of 2-AG in the caudal pool depressed the amplitude of the midcycle inhibition in motoneurons by 26.8 Ϯ 2.9% ( p Ͻ 0.001; n ϭ 7; Fig. 4C-E) . Conversely, blockade of the synthesizing enzyme DAG lipase with THL (10 -20 M) increased the amplitude of the midcycle inhibition by 10.4 Ϯ 2.5% ( p Ͻ 0.01; n ϭ 5; Fig. 4 F, G) , indicating that newly synthesized endocannabinoids are responsible for a tonic decrease of the midcycle inhibition during locomotion. If there is a tonic mobilization of the endocannabinoid 2-AG, the modulation of midcycle inhibition should be further enhanced by blockade of its degradation enzyme MGL. Indeed, application of the MGL inhibitor JZL184 decreased the amplitude of the midcycle inhibition by 15.8 Ϯ 2.6% ( p Ͻ 0.001; n ϭ 6; Fig.  4 H, I ). In these experiments, 2-AG, THL, and JZL184 had no effect on the locomotor burst frequency induced by NMDA in the rostral pool (Fig. 4 E, G,I ).
These results indicate that there is a tonic modulation by endocannabinoids of excitatory and inhibitory synaptic transmission from network neurons during locomotion. 2-AG is the endocannabinoid synthesized and mobilized within the locomotor network that tips the excitation-inhibition balance within the locomotor network in favor of excitation by differentially potentiating excitatory and depressing inhibitory synaptic transmission and thereby synergistically increasing the locomotor burst frequency.
Inversion of the polarity of endocannabinoid modulation by nitric oxide
The endocannabinoid 2-AG appears to modulate excitatory and inhibitory synaptic transmission within the locomotor network in opposite directions. While the depression of synaptic transmission has been reported previously, potentiation of excitation is novel. What mechanism is responsible for the inversion of the polarity of the endocannabinoid modulation of excitation and inhibition? We previously showed that endocannabinoids and NO are recruited by metabotropic glutamate receptor 1 (mGluR1) activation and act synergistically to modulate the locomotor activity and synaptic transmission (Kyriakatos and El Manira, 2007; ). We therefore tested whether NO is involved in reversing the polarity of endocannabinoid modulation. For this, we performed experiments using the split-bath chamber to monitor the modulation of excitatory (with strychnine in the caudal pool) and inhibitory (with kynurenic acid in the caudal pool) synaptic transmission by 2-AG during locomotion in preparations preincubated with carboxy-PTIO (150 M; 1 h in the caudal pool), which is preferentially an extracellular NO scavenger (Griffiths et al., 2003) . Preincubation with carboxy-PTIO completely blocked 2-AG-induced increase in excitatory synaptic transmission ( p Ͻ 0.01; n ϭ 7; Fig. 5A-D; in Fig. 5D : carboxy-PTIO, black, and control, gray), indicating that the potentiation of the excitatory drive during locomotion by endocannabinoids is entirely dependent on NO signaling. In contrast, the 2-AGinduced depression of inhibitory synaptic transmission arising from commissural interneurons was not affected by carboxy-PTIO (Fig. 6A,B) . The decrease in the amplitude of the inhibitory synaptic potentials by 2-AG in preparations preincubated with carboxy-PTIO (black) was not significantly different from that obtained in control (gray) experiments (p Ͼ 0.05; n ϭ 6; Fig. 6C,D) . These results show that NO acts to switch the sign of cannabinoid-induced modulation of synaptic transmission, hence resulting in a more pronounced shift in the balance between excitation and inhibition within the locomotor circuit.
The question that stems from the above results is whether the potentiation of the burst frequency induced by endocannabinoids in the whole locomotor circuit is a direct consequence of the differential modulation of excitatory and inhibitory synaptic transmission. To test for this, the effect of 2-AG on the locomotor burst frequency and membrane potential oscillation was tested in the presence of carboxy-PTIO (150 M). Application of 2-AG in preparations preincubated with carboxy-PTIO could still induce a potentiation of the locomotor burst frequency; however, the increase was significantly smaller than that in control [carboxy-PTIO (blue), 108.4 Ϯ 2.5%; n ϭ 6; control (gray), 117.9 Ϯ 3.9%; p Ͻ 0.01; n ϭ 6; Fig.  7 A, B] . This is despite the fact that the decrease in the amplitude of the membrane potential oscillations was significantly more pronounced in carboxy-PTIO by 23.4 Ϯ 3.7% (red) than that without carboxy-PTIO by 16.3 Ϯ 4.7% (gray) (p Ͻ 0.01; n ϭ 6; Fig.  7C,D) . These results thus indicate that the interplay between cannabinoid and NO signaling underlies a concomitant enhancement of the excitatory drive and a decrease of midcycle inhibition, which produces a more pronounced shift in favor of increased excitability in the spinal locomotor circuit and hence a potentiation of the burst frequency.
Discussion

Embedded endocannabinoid modulation and its gating by nitric oxide
In this study, we first show that 2-AG is responsible for the endocannabinoidembedded modulation of the locomotor frequency and synaptic transmission by interfering with its synthesis and degradation. Blocking the synthesis or degradation of 2-AG produced opposite effects on the locomotor frequency as well as on the underlying on-cycle excitation and midcycle inhibition. In addition, we show that NO switches the sign of endocannabinoid modulation of synaptic transmission within the locomotor CPG. The NO gating enables endocannabinoids to simultaneously potentiate excitation and depress inhibition (Fig.  8) . Our results indicate that the endocannabinoid 2-AG is mobilized from network neurons during locomotor activity and plays a significant role, in synergy with NO, in setting the baseline burst frequency by adjusting the excitability balance within the locomotor CPG. Thus, although the final locomotor output is generated by activation of ionotropic receptors, it is also heavily dependent on the embedded modulation by endocannabinoids, which plays a buffering role to set the baseline operation of the locomotor CPG.
Identification of the endocannabinoid mobilized in the spinal locomotor CPGs
The two main endocannabinoids are 2-AG and anandamide, and they are synthesized and metabolized by separate pathways (Sugiura et al., 2002 (Sugiura et al., , 2006 Piomelli, 2003; Di Marzo, 2008) . However, the identity of the endocannabinoid regulating the locomotor activity has until now been unclear. In the dorsal horn, anatomical evidence using electron microscopy showed postsynaptic localization of DGL-␣ at nociceptive synapses formed by primary afferents, and a presynaptic positioning of CB 1 Rs on excitatory axon terminals ; Pernía-Andrade et al., 2009). DGL-␣ in postsynaptic elements receiving nociceptive input was colocalized with mGluR5, whose activation induces 2-AG biosynthesis ). Blocking of the DGL, which hydrolyzes DAG into 2-AG, decreased the frequency of the locomotor rhythm by depressing the excitation and enhancing the inhibition. This indicates that there is a con- Figure 5 . Nitric oxide is required for the potentiation of the excitation by the endocannabinoid 2-AG. A, Excitatory synaptic input received by a motoneuron was recorded in a split-bath chamber with strychnine in the caudal pool (Fig. 3) . The caudal pool was preincubated with the NO scavenger carboxy-PTIO for 1 h. B, Application of 2-AG in the caudal pool in the presence of carboxy-PTIO failed to potentiate the amplitude of the excitatory input received by the MN. C, Average excitatory synaptic input recorded in a MN preincubated withcarboxy-PTIObeforeandduring2-AGapplication.D,Plotofaverageddatafromdifferentexperimentsshowingthetimecourseofthe change in the amplitude of the excitation in the presence of carboxy-PTIO before and during 2-AG application (black data points). The gray data points show the change in the excitation induced by 2-AG in the absence of carboxy-PTIO (same data as in Fig. 3E ). Figure 6 . Depression of inhibition by the endocannabinoid 2-AG is not dependent on nitric oxide. A, Inhibitory synaptic input received by a motoneuron was recorded in a split-bath chamber with kynurenic acid in the caudal pool (Fig. 4) . The caudal pool was preincubated with the NO scavenger carboxy-PTIO for 1 h. B, Application of 2-AG in the caudal pool in the presence of carboxy-PTIO was still able to depress the amplitude of the inhibitory input received by the MN. C, Average inhibitory synaptic input recorded in a MN preincubated with carboxy-PTIO before and during 2-AG application. D, Plot of averaged data from different experiments showing the time course of the change in the amplitude of the inhibition in the presence of carboxy-PTIO before and during 2-AG application (black data points). The gray data points show the change in the inhibition induced by 2-AG in the absence of carboxy-PTIO (same data as in Fig. 4E ).
tinuous synthesis of 2-AG within the locomotor networks that helps to maintain the baseline level of activity. In addition, blocking MGL, the enzyme that degrades 2-AG, increased the locomotor burst frequency by potentiating the excitation and depressing the inhibition. Indeed, by affecting the synthesizing (DGL) and degrading (MGL) enzymes, we produce opposite effects on the locomotor rhythm and the underlying on-cycle excitation and midcycle inhibition. These results argue that 2-AG is released in the spinal locomotor CPG that is continuously synthesized and helps modulating the baseline excitability underlying the locomotor output. Our results do not exclude the possibility that, in addition to the on-demand release of endocannabinoids, there is also a constitutive synthesis and mobilization of endocannabinoids independent of the activity of the spinal locomotor network.
In keeping with these results, we have previously shown that activation of mGluR1 induces short-and long-term potentiation of the locomotor activity (Krieger et al., 2000; El Manira et al., 2002 Kyriakatos and El Manira, 2007) . This receptor is coupled to the G-protein Gq/11, which activates phospholipase C (Kettunen et al., , 2003 Nanou et al., 2009; Nanou and El Manira, 2010) ; this signaling pathway yields to accumulation of DAG that in turn is hydrolyzed by DGL into 2-AG (Safo and Regehr, 2005; Chevaleyre et al., 2006; Heifets and Castillo, 2009; Kano et al., 2009; Tanimura et al., 2010) . The long-term potentiation of the locomotor burst frequency was completely dependent on activation of CB 1 Rs because it was blocked by the antagonist AM251 (Kyriakatos and El Manira, 2007) . Evidence exists to suggest that 2-AG or anandamide represents the endocannabinoid released in many regions in the CNS. A direct activation of CB 1 R by endocannabinoids, be it 2-AG or anandamide, has been shown to produce exclusively depression of both excitatory and inhibitory synaptic transmission in many regions of the CNS (Alger, 2002; Wilson and Nicoll, 2002; Freund et al., 2003; Chevaleyre et al., 2006; Katona and Freund, 2008; Kreitzer and Malenka, 2008; Lovinger, 2008; Heifets and Castillo, 2009; Kano et al., 2009) . In hippocampus, cerebellum, and hypothalamus, the depression of synaptic transmission has been suggested to involve an interaction between NO and endocannabinoid signaling (Safo and Regehr, 2005; Makara et al., 2007; Crosby et al., 2011) . In goldfish, however, it has been shown that endocannabinoids indirectly potentiate excitatory synaptic transmission via release of dopamine (Cachope et al., 2007) .
Nitric oxide and endocannabinoids in the spinal locomotor networks Several classes of neurons are known to be involved in motor control and sensorimotor integration in the lamprey spinal cord. These include gray matter neurons (motoneurons and interneurons), proprioceptive edge cells, which express NO synthase (NOS) and are therefore potential intrinsic sources of NO . We previously showed that the NOS inhibitor L-NAME and the NO scavenger carboxy-PTIO decrease the locomotor frequency, and the latter also blocked NO donor-induced modulation. These results indicate that NO mediates a positive-feedback control of the network Intracellularrecording from a MN that received on-cycle excitation in phase with the ipsilateral ventral root (vr-i) activity that alternated with midcycle inhibition occurring in phase with the contralateral ventral root (vr-c) burst. B, Application of the endocannabinoid 2-AG (2 M) in the presence of carboxy-PTIO was still able to increase the burst frequency that was associated with a decrease in the oscillation amplitude. C, Averaged synapticinputsreceivedbytheMNshowingadecreaseintheamplitudeoftheoscillationby2-AG.Intheserecordings,theactionpotentials were filtered out using a low-pass filter, normalized, and aligned in relation to the membrane potential of the MN. D, Averaged data from all the experiments showing the time course of the effect of 2-AG on synaptic transmission and the locomotor burst frequency in the presence of carboxy-PTIO. The decrease of the oscillation amplitude was more pronounced (red), while the potentiation of the locomotor burst frequency was attenuated (blue) in preparations preincubated with carboxy-PTIO compared with controls (gray; same data as in Fig. 1 D) . during swimming to maintain the rhythm at a high frequency . In Xenopus tadpoles, NO exerts mainly inhibitory actions by selectively enhancing GABAergic descending inhibition from mid-hindbrain reticulospinal interneurons and by enhancing glycinergic inhibition during swimming (McLean and Sillar, 2002) . This latter effect involves metamodulation of the effects of noradrenaline (McLean and Sillar, 2004) . Endocannabinoids are mobilized within the lamprey locomotor network and modulate inhibitory synaptic transmission and locomotor frequency (Kettunen et al., 2005; El Manira et al., 2008; . Endocannabinoid and NO signaling were thought to act only in parallel to modulate the activity of the spinal locomotor network. Our results now show that endocannabinoids and NO signaling are in addition intimately coupled to mediate selective modulation of excitatory and inhibitory synaptic transmission and regulate the locomotor network output.
Nitric oxide switches the sign of endocannabinoid modulation of synaptic transmission An important, previously unknown interaction between endocannabinoids and NO is in the selective potentiation of excitatory synaptic transmission. This potentiation, combined with a direct depression of the inhibition by activation of presynaptic CB 1 R, adjusts the excitability balance in favor of increased excitatory transmission and hence a potentiation of the locomotor burst frequency (Fig. 8) . The interaction between NO and endocannabinoids is restricted to excitatory synaptic transmission and was blocked by the membrane-impermeable scavenger carboxy-PTIO (Griffiths et al., 2003) , indicating that NO diffuses outside the neurons where it is produced. This leads to a decrease of inhibitory synaptic transmission by activation of presynaptic CB 1 Rs. One prevalent mechanism of NO synthesis is via Ca 2ϩ influx through NMDA receptors, leading to activation of NOS, which is commonly tethered to NMDA receptors (Brenman and Bredt, 1997; Prast and Philippu, 2001; Garthwaite, 2008) . We previously showed that inhibition of NOS by L-NAME affects the locomotor frequency in the lamprey spinal cord ) and blocked the endocannabinoid-dependent potentiation of the burst frequency induced by mGluR1 (Kyriakatos and El Manira, 2007) . The NO-generated and the mobilized endocannabinoids interact to produce potentiation of excitatory synaptic transmission. It thus seems that NO acts as a metamodulator to determine the polarity of the endocannabinoid-mediated plasticity of excitation. Ultimately, the balance between excitatory and inhibitory synaptic transmission determines the speed and force of the locomotor movements produced by the spinal locomotor CPG. The gating of the sign of endocannabinoid-mediated synaptic plasticity by NO represents a novel mechanism by which the excitability balance is appropriately set within the locomotor CPG to allow for a more flexible execution of motor behavior.
